Acquisition is a most important process and a challenge task for identifying visible satellites, coarse values of carrier frequency, and code phase of the satellite signals in designing software defined Global positioning system (GPS) receiver. This paper presents a new, simple, efficient and faster GPS acquisition via sub-sampled fast Fourier transform (ssFFT). The proposed algorithm exploits the recently developed sparse FFT (or sparse IFFT) that computes in sub-linear time. Further it uses the property of fourier transforms (FT): Aliasing a signal in the time domain corresponds to sub-sampling it in the frequency domain, and vice versa. The ssFFT is an FFT algorithm that computes sub-sampled version of the data by an integer factor 'd', and hence, the computational complexity is proportionately reduced by a factor of 'd log d' compared to conventional FFT-based algorithms for any length of the input GPS signal. The simulation results show that the proposed ssFFT based GPS acquisition computation is 8.5571 times faster than the conventional FFT-based acquisition computation time. The implementation of this method in an FPGA provides very fast processing of incoming GPS samples that satisfies real-time positioning requirements.
INTRODUCTION
Global positioning system (GPS) provides accurate positioning and timing information that has become a commonly used navigation device for aircraft precision approaches, missile systems, automated vehicle guidance, and other civil applications. The GPS satellites simultaneously transmit on two L-band frequencies denoted by LI and L2, which are 1575.42 and 1227.60 MHz, respectively 1 . Software GPS receivers capture the RF modulated signals at the L1 frequency, down convert there to an intermediate frequency (IF) , digitize there, and perform signal processing to extract position information from the navigation message. The GPS receiver consists of four modules namely RF front end, acquisition, tracking and position computation. The position fix of GPS receiver takes more time initially when the receiver is switched on. This is mainly due to identification of satellite tracking signals and decoding navigation data 2 . The faster GPS position fix is essential, especially in kinematic conditions, and therefore, it is necessary to improve acquisition process.
The GPS receiver demodulates the transmitted signal by synchronizing a locally generated PRN with the same PRN used to generate transmitted signal. The process in which incoming signal is correlated with a local PRN code is called signal acquisition or synchronization. Acquisition is most important process and a challenging task for identifying visible satellites, coarse values of carrier frequency, and code phase of the satellite signals. To identify each satellite, a GPS receiver conducts a search process. It computes the correlation of the PRN code with the received signal for all possible shifts of the code with respect to the signal. The correct shift is the one that maximizes the correlation 3 .
There are three signal acquisition or synchronization approaches mainly: the serial search algorithm, FFT-based methods, and the delay-and-multiply approach. The time domain serial search acquisition method scans all the frequency cells in the carrier frequency and PRN code space. This method is easy to implement but very time-consuming 4 . If any of the two parameters could be eliminated from the search procedure, or if possible implemented in parallel, the performance of the procedure could be improved significantly.
The parallel frequency space search acquisition parallelises the search for the carrier frequency parameter, and only search all the cells in PRN code space. If the PRN code is perfectly aligned with the incoming signal, the output signal will show a distinct peak in magnitude. Since this acquisition method searches through the 1023 different code phases by parallelising frequency, hence, it is faster than serial search acquisition algorithm. Frequency search resolution depends on signal length: the longer the signal, the finer is the resolution. This search is not feasible for noisy input signal.
The parallel code phase search acquisition parallelises the search for the PRN code parameter, and only searches all the cells in carrier frequency space. In this method the Doppler-frequency and code-phase searches are combined into one search, and after a fast Fourier transform (FFT) of the PRN code, all code-phase information is transformed into the frequency domain. Hence it is needed only to search the Doppler-frequency offset space, which is much smaller than the code phase space. Thereby it implements a fast and effective search. In this method for each acquisition only one PRN code is generated. That is, it is not necessary to search the 1023 different code phases space 2, 6, 7 . For the past two decades, this has been the algorithm with faster and the lowest computational complexity for synchronizing or acquisition of a GPS receiver. The delay-and-multiply approach eliminates all of the Doppler bins. From theoretically speaking, this is an efficient method, but it needs advance research for real time environment. Other acquisition methods are found 5, 12 . But in many applications, such as high dynamics vehicles or an appliance which uses sleep mode to save power consumption, a fast acquisition of signal is strongly required.
This paper presents a novel, simple, efficient and faster GPS signal acquisition method via sub-sampled fast Fourier transform (ssFFT) that reduces the number of computations, simplifies the hardware implementation, and correspondingly decreases the acquisition time. The computational complexity of proposed algorithm is 'd log d' times faster than the conventional FFT-based acquisition algorithm, where 'd' is an integer down sampling factor 13 . The implementation of this method in an FPGA provides very fast processing of incoming GPS samples that satisfies real-time requirements.
PRELIMINARIES
The FFT-based or frequency domain GPS acquisition approach exploits the property of Fourier transform; convolution in the time domain corresponds to multiplication in the frequency domain. It proceeds in the following three steps, as shown in This three-step process is mathematically equivalent to convolving the input signal with the local PRN code; thus, the output of the inverse FFT will be a spike or an impulse at the correct shift that synchronizes the code with the received signal, as shown in Fig.1 . The algorithm multiplies the FFTs of the received signal with the FFT of the locally generated PRN code, and takes the IFFT of the resulting signal. The output of the IFFT produces a single spike at the correct time shift. For the past two decades, this has been the algorithm with the lowest computational complexity for synchronizing a GPS receiver. The computational complexity of this approach is O(n log n).
means that the IFFT is a highly sparse signal in the time domain. Recently the research on sparse FFT has emerged in compressive sensing theory for development of new algorithms that can compute the FFT or inverse FFT in sub-linear time 8, 9, 11 . This property has been exploited to design a simple sub-linear algorithm that uses only aliasing to filter the signal and allows one to reduce the complexity of the IFFT step to sub-linear time.
(ii) Second, it was noted that the output of the inverse FFT is sparse and can be computed in less time, but the GPS signal in the frequency domain is not sparse. Hence, the computation of the forward FFT cannot be reduced by applying a sparse Fourier transform and the overall complexity of the problem is still O(n log n) due to the forward FFT. Since sparse IFFT algorithm operates only on a subset of its input signal, one does not need to compute the values of all frequencies at the output of the forward FFT. This property has been to compute only a subset of the frequencies and reduce the complexity of the FFT step.
sub-sampled FFT
ssFFT is a sub-sampled fast Fourier transform that is computed as FFT of a sub-sampled or down-sampled version of a signal by a factor 'd' known as decimator, where 'd' is an integer.
For better understanding, the decimator has been illustrated by the following example: let x[n] is discrete time sequence having the length N = 15, is given by x[n] = {1 2 3 4 5 6 7 8 9 10 11 12 13 14 15}. The sequence is applied to a decimator by a factor d = 3 and the resultant output sequence is represented by
. It has been observed that the elements in the output sequence are every third (since d=3) element of the input sequence. In practice a low-pass filter [LPF] is used prior to down-sampling to avoid aliasing in the outputs 10 as shown in Fig 2(a) . The main purpose of GPS acquisition is to identify the visibility of satellites but not for reconstruction on the signal. Hence, the LPF process is completely eliminated, thereby simplifying the decimator process as shown in Fig. 2(b) . We referred this as an 'Aliased decimator' meaning that down-sampling or subsampling in the time domain results aliasing in the frequency domain. By duality, sub-sampling in the frequency domain results aliasing in the time domain 10 . Based on this background theory, we call the FFT of a sub-sampled sequence as subsampled fast Fourier transform ssFFT.
PROPOSED GPS ACQUISITION VIA SUb-SAMPLED FFT
The main key insight to our proposed algorithm is that the This paper presents an efficient and fast acquisition process based on the following observations and properties of Fourier transform; (i) First, we observe that the output of acquisition process produces a single major spike in the time domain. This IFFT performed in step 3 ( Fig. 1 ) of the FFT-based acquisition algorithm is sparse in the time domain, i.e., it has only one spike in time domain and, hence, can be performed in sub-linear time 9, 11 . Further, a sub-linear time algorithm for computing the sparse IFFT would require a sub-linear number of samples as input; thus, there is no need to perform a full n log n FFT on the received GPS signal and obtain all of its n frequency samples. Rather, we only need to compute the frequency samples that will be used to perform the sparse inverse FFT. The proposed GPS acquisition via sub sampled FFT algorithm is illustrated in the following steps (Fig. 3) .
Step 1: Down sampling: Perform down-sampling on both the input GPS signal and locally generated PRN code by a factor 'd'. These down-sampled signals are referred to as sub-sampled signals and are aliased. log(N/d). Therefore, the proposed algorithm is
N N = d log d times faster than the existing FFT-based techniques. It is to be noted that this factor does depends only on the down-sampling rate and not on the length of the signal.
IMPLEMENTATION, RESULTS AND DIsCUssION
We have implemented the proposed algorithm on GPS signal with sampling frequency of 11.999 MHz, and carrier frequency of 3.562 MHz with various down-sampling factors from 2 to 14 with step size 2. The proposed algorithm is implemented in Matlab ver.7.11 (R2010b) under Windows Xp 32 bit operating system. The results are illustrated visually in Fig. 4 and are tabulated in Table 1 . The following observations are made from the experiments results.
The proposed algorithm identifies the correct visible satellites for down-sampling factors from 2 to 12 in step size of 2. For above 14, the algorithm fails due to the noise becoming dominating.
The carrier frequencies are observed as scaled versions by a factor of 'd'. For example for d = 4, the carrier frequency is observed in the Fig. 4 As down-sampling factor 'd' increases, the computation complexity decreases by a factor of 'd log d', where d is an integer. For example in the case of down-sampling rate d = 12, the computation complexity of proposed algorithm is decreased by a factor of 43.02 as compared to the conventional FFT algorithm (Table 1 and Fig. 5(a) ). The computational complexity improvement factor ('d log d') depends on the down sampling factor 'd', but does not depends on the input GPS signal length 'n'. Hence for any length of the input signal, the proposed algorithm computational complexity improves by a factor of 'd log d'.
As down-sampling factor 'd' increases, the noise contamination is linearly increasing (Fig. 4) . This noise can be elimination by thresholding or using appropriate low-pass filters, but the complexity of algorithm and 
computation time increases correspondingly. The magnitude of the spikes at correct time shift decreases and the noise increases as the down-sampling factor decreases (Fig. 4) . The main purpose of GPS acquisition is to identify the visibility of satellites but not for reconstruction of the signal. Therefore the downsampling factor may be appropriately selected as long as the spike is identified.
As the down sampling factor 'd' increases, the computation time decreases exponentially as shown in Fig.  5(b) . For example in the case of down-sampling factor d = 12, the proposed GPS acquisition computation time (0.032310 s) is 8.5571 times faster than that conventional FFT based acquisition computation time (0.276479 s). Further it was observed that for above down-sampling factor 6, the computation time decreases in a smaller quantity. Hence for satisfactory results, the down-sampling factor may be fixed any integer between 8 and 12.
For the down-sampling rates 2 to 12, the code phases are observed in slight variations in magnitude and the maximum deviation of code phase is approximately 1 (Tabel 1 and Fig. 5(c) ). This small deviation will not deteriorate the GPS receiver performance.
The LPF part in decimator is completely eliminated, resulting in aliased output. As the inverse IFFT step required performing in sub-linear time, correspondingly the forward FFT step required sub-sampled signal. Therefore the aliased version of input signal is needed for the FFT processing step. Hence the elimination of the LPF in the decimator simplifies the proposed algorithm.
The proposed GPS acquisition can also be used for weak signal environments.
The implementation of this method in an FPGA provides very fast processing of incoming GPS samples that satisfies real-time requirements.
Truncation of PRN sequences leads to reduce the correlation of the GPS signals and may not be an appropriate solution 16 . The GPS received signal and replica of PRN signal will not be synchronized and reduction in processing gain due to truncation of PRN codes 17 .
CONCLUSIONS AND FUTURE SCOPE
We have presented a novel, new, simple, efficient and faster GPS acquisition (L1 signal) via sub-sampled FFT for software-defined GPS receiver design. Our algorithm exploits the properties of Fourier transform, decimator and sparse FFT, that reduces the number of computations, simplifies the hardware implementation, and decreases the acquisition time correspondingly. The computational complexity of proposed algorithm is 'd log d' times faster than the conventional FFT based acquisition algorithm, where 'd' is an integer down sampling factor. We demonstrated that computation is 8.5571 times faster than that of conventional FFT-based algorithm for down-sampling rate d = 12.
Future Scope: In spite of our fast algorithm, there is much scope for improvement. The proposed algorithm used Radix-2 FFT and IFFT computations. There is a scope for improving using faster FFT computations such as Radix-4, Cooley-Tukey FFT, etc. Further, the sparse FFT may be incorporated in place of direct FFT or inverse FFT. For determination of the optimum down-sampling factor, a mathematical analysis may be needed. The initial estimate of the preamble will be computed using an iterative process to enhance the GNSS signal acquisition process by the two-step maximum likelihood (ML) technique using the differential correlation approach in as given by Vasudevan 14 or the two-step ML technique using the non-coherent approach in as given by Vasudevan 15 . New satellite navigation systems such as Indian Regional Navigation Satellite System (IRNSS) and COMPASS are going to be operational in future, the proposed algorithm is immensely useful for developing future satellite navigation software receiver design. The proposed algorithm would be useful for future satellite navigation signals such as L5 and L2C, etc.
